INTRODUCTION
Lord John Boyd Orr, the first Director General of the FAO and a Nobel Peace Prize winner, said in his acceptance speech in 1949, ' … you cannot build peace on empty stomachs'. The 1999 FAO report, Assessment of the World Food Security Situation, strongly substantiates his statement. During the past 40 years, thanks to a continuing stream of highyielding varieties combined with improved crop management practices, food production has kept pace with global population growth. The 20th century ended with world market prices for wheat, maize and rice, adjusted for inflation, at the lowest levels ever recorded. All consumers have benefited from these lower food prices, although the poor have benefited relatively more, since they spend a larger proportion of their income on food.
The present review traces the evolution of international wheat breeding over the last 50 years to what it is today: a global agricultural strategic and troubleshooting network that plays a central role in providing food security in the developing world. Snapshots of successful approaches such as breeding tolerance to acid soils, drought adaptation and disease resistance, illustrate how science and partnership have come together to solve tangible problems for resource-poor farmers. While the Green Revolution initially reduced genetic diversity in farmers' fields, the displaced landraces and wild species were held in trust by international organizations to protect this genetic legacy for use by future generations. Evidence from a number of comparative studies shows that some of the most useful elements of that diversity have now been reintroduced in modern varieties, through directed crossing with landraces and wild relatives of cereals (Smale et al. 2002) .
A SUMM ARY OF IM PACTS R ELATED TO RELEASE OF MODERN WHEAT VARIETIES
The benefits of international collaborative wheat improvement to developing countries are substantial (Lipton & Longhurst 1989; Evenson & Gollin 2003) . For example, between 1966 and the number of varieties released by national programmes doubled and the proportion of releases that were products of international collaboration was over 0 . 7 (Byerlee & Moya 1993) . The area occupied by modern varieties (MVs) increased steadily from 12 million ha in 1970 (0 . 2 of the total wheat area in the developing world) to 50 million ha (0 . 7 of the total area excluding China) in 1990. While adoption of MVs in the Green Revolution period was largely in irrigated areas, most of the increased area of adoption of MVs since 1977 has occurred in rainfed areas that experience a range of abiotic stresses (Byerlee & Moya 1993 ; Heisey et al. 2002; Lantican et al. 2002) . The most recent of those surveys, which spans 1988-2002 (and including eastern Europe and the former Soviet Union), shows that international collaboration is still having a major impact in developing countries, with 0 . 64 of MVs containing at least one CIMMYT parent in its pedigree (Lantican et al. 2005) .
In terms of yield increases in farmers' fields, the most comprehensive data come from irrigated regions where gains have averaged just over 1 % per annum (pa) between 1965 and 1995 (Byerlee & Moya 1993; Lantican et al. 2005) , for which a biological basis has been validated in controlled agronomic studies (Waddington et al. 1986 (Waddington et al. , 1987 Sayre et al. 1997; Fischer et al. 1998) . Nonetheless, data from extensive international yield trials in more marginal environments indicate even greater yield progress (2-3 % pa) in both semi-arid and heat-stressed environments between 1979 and 1995 Trethowan et al. 2002) . Gains in yield would not have been possible without incorporating and maintaining genetic disease resistance for the rusts, septoria, leaf blight, blotch and tan spot (Singh & Rajaram 2002) . Leaf rust alone can be associated with yield losses of 25-45 % (Dubin & Torres 1981) and the economic impact of breeding for genetic resistance to leaf rust has been substantial (Marasas et al. 2004 ). Oerke (in press) has recently reviewed the extent of crop losses still challenging agricultural production around the world.
A rough estimate of the economic gains associated with adoption of MVs of spring bread wheat between 1977 and 1990 indicated that they were associated with an additional 15 . 5 million tons of wheat in 1990 alone, worth approximately US$ 3 billion (Byerlee & Moya 1993) , while the estimated investment in all international wheat research was US$ 100-150 million annually in 1990 (Heisey et al. 2002) . A more recent analysis estimated that the impact of MVs in 2002 was equivalent to between an extra 14-40 million tons of grain per year, using the most conservative and the most liberal scenarios, respectively. This translates into an extra value of US$ 2-6 billion annually (Lantican et al. 2005) . Although it is currently unfashionable, and admittedly simplistic, to document impacts of agricultural development purely in terms of financial returns on investment, the fact that international wheat breeding struggles to find investors (CIMMYT 2004) despite such large economic returns, is in itself an indication that benefits are spread among a wide spectrum of the population.
While the Green Revolution has been controversial in terms of the distribution of its benefits, the general consensus is that adoption of MVs has, in most cases, been favourable in terms of income distribution. The Lipton & Longhurst (1989) summary of hundreds of surveys confirms that both large-scale farmers in Brazil and millions of small-scale farmers in South Asia and North Africa, where farm sizes are frequently <1 ha, have adopted MVs.
Another way to look at the impact of the Green Revolution is to consider its positive environmental impact. Had the global cereal yields of 1950 still prevailed in 1999, an additional 1 . 8 billion ha of land of the same quality would have been required -instead of the 600 million that was used -to equal the current global harvest ( Fig. 1 ; Borlaug & Dowswell 2005) . Obviously, such a surplus of land was not available, and certainly not in Asia where the population has increased from 1 . 2 to 3 . 8 billion over this time period. Moreover, had natural ecosystems been brought into agricultural production, the environmental consequences would have been losses of biodiversity with extinction of some plant and animal species. Worse still, many of these soils are unproductive and/or fragile, and the latter would have experienced irreversible soil erosion and desertification in drier regions, as has occurred throughout history where fragile lands have been over-cultivated (Olson 1981; Lal 2004) .
While there are many critics of international agricultural research centres (IARCs) like CIMMYT, the issue of how much it would cost each national programme to develop its own technologies independently is an extremely powerful argument in favour of their existence. At a time of increased globalization of the world's economy, internationally coordinated crop improvement makes perfect sense if it remains focused on the broad issues. By and large, the private sector supports the idea of CIMMYT as an internationally funded public goods organization (CIMMYT 2004) . Furthermore, when considering the issue of food security and its positive influence on the livelihoods of poor people, it is clear that IARCs provide a continuity in agricultural development that would otherwise be uncertain for quite a number of less developed countries where economic, political and social instability are commonplace.
THE I NTERNATIONAL W HEAT IMPROVEMENT N ETWORK

Origins
The history of the Green Revolution, what led up to it and its impacts have been well documented (Borlaug 1971; Borlaug 2003; Evenson & Gollin 2003) . However, it is worth mentioning briefly some of its key elements. Although numerous high-yielding, rust-resistant varieties were developed using shuttle breeding, their height limited yield (to c. 3 . 0-3 . 5 t/ha) due to lodging. However, during the 1950s the dwarf wheat cultivar Norin 10 (developed by Gonjiro Inazuka in Japan in 1935) was being exploited by US breeder Orville Vogel (Vogel et al. 1956) With their commodity-oriented, interdisciplinary research and training programmes focused on solving the most pressing food-production problems in the developing world, CIMMYT and IRRI were unique research institutions. They became models for other international agricultural research centres, each concerned with major commodities and food-production problems relevant to agricultural development. This network, which currently numbers 15 centres under the umbrella of the Consultative Group for International Agricultural Research (CGIAR) (www.cgiar.org), has been a vital force in stimulating appropriate technology development for the major food crops and farming systems in the less developed world. The creation of the CGIAR highlighted a broad recognition that many agricultural problems worldwide have a common scientific basis and can be addressed by coordinated international collaboration.
Public funds were targeted to improving food security in developing countries, thereby underpinning economic stability and growth. The model has been remarkably successful in tackling some of the intractable problems that plague resource-poor farmers. In the case of CIMMYT, a steady stream of material with resistance to disease, increased yield in wellwatered as well as drought-stressed environments, and tolerance to acidic soil conditions are the hallmarks of the international wheat breeding effort. These will be discussed in more detail subsequently.
It is worth outlining, briefly, the main operational principles of the international wheat improvement model that CIMMYT coordinates. A simplified model can be visualized as a wheel, where the outer rim represents farmers, the central hub a small group of researchers focusing on problems of global importance, and the spokes represent the flow of germplasm and information in both directions via collaborating wheat scientists worldwide. The international wheat nurseries, while developed and assembled at the hub, depend upon, and are an integral part of, this two-way flow of germplasm and information. CIMMYT has its headquarters in Mexico due to historic reasons, outlined earlier. Nonetheless, Mexico encompasses a number of diverse agroecological environments, making it very suitable for achieving rapid genetic gains in spring bread wheat, durum and triticale breeding of global relevance . However, the international winter wheat improvement programme (Braun & Saulescu 2002 ) is hosted by Turkey, where CIMMYT works closely with scientists from their national programme and ICARDA. In other words, an international centre such as CIMMYT provides the forum whereby institutional linkages are fostered and maintained globally, not only through exchange of germplasm, but also through knowledge sharing, training programmes, international visits and development of extended partnerships with organizations having compatible objectives. Two of the major coordination responsibilities of CIMMYT are maintaining the World Wheat Collection and facilitation of the International Wheat Nurseries.
THE WORLD WHEAT GERMPLASM COLLECTION
One of the strongest legacies CGIAR centres have today is their germplasm collections. As modern varieties have spread worldwide over the last halfcentury, agricultural scientists of their day had the presence of mind to collect the landraces that they were replacing and put them into storage (R. Zeigler, personal communication). Many accessions remained in national collections while many more were shared bilaterally with CGIAR centres. These and other types of accession are held in trust by the CGIAR while providing free access to them for all publicly funded agricultural researchers worldwide (www. ipgri.cgiar.org). While genetic resources have been shared bilaterally for decades (Harlan 1976) , as a result of this unique arrangement the net benefit of this germplasm to mankind has been multiplied simply by making it both visible and accessible, without political restrictions. Access to this public good by public institutions worldwide is protected by international treaty (www.fao.org/ag/cgrfa/itpgr.htm). This vast array of genetic diversity encompassed in crop genomes and their wild relatives is increasingly becoming the focal point of international crop research both at the pure and applied levels. For example, when persistent losses from disease occur in farm fields, genes identified by screening bank accessions are accumulated through cross breeding into modern varieties (Table 1 a). To combat human health problems associated with micronutrient deficiency among the world's poorest people, genotypes with high levels of iron and zinc in the grain have been identified, through support from the Gates Foundation (Ortiz-Monasterio & Graham 2000) . Landraces and wild relatives are used frequently as sources of other valuable traits associated with adaptation to a range of abiotic stresses (Table 1 b) . Pure and applied researchers worldwide looking for access to new alleles need look no further than these collections, which, in the case of CIMMYT's germplasm bank alone, consists of over 167 000 accessions including bread wheat, durum wheat, triticale, barley, and their wild relatives (www.cimmyt.cgiar.org/ english/wpp/gen_res).
International wheat nurseries
Global distribution of nurseries (www.cimmyt. cgiar.org/wpgd) remains one of the central pillars of international wheat breeding today, providing a dual function. The first is the distribution of new genotypes that are, on the one hand, diverse enough to give latitude for adaptation to local climates, while on the other hand embodying universally desirable (or generic) traits. These traits include genetic resistance to a broad spectrum of pathogens, high and relatively stable yield, and appropriate end use characteristics (Fox 1996) . National programmes can choose from over two dozen nurseries, encompassing approximately 1500 new genotypes each year, distributed without charge. Since nursery sets are targeted for specific agroclimates (irrigated, semi-arid, high rainfall, etc.), national programme breeders request those sets most appropriate for their target environments, and select the genotypes with the required characteristics to develop locally adapted cultivars. The other function of international nurseries involves creating a Singh & Rajaram (2002) global database for each nursery, based on feedback provided by national programme partners on traits such as response to local diseases and pests, seed characteristics, adaptation in terms of maturity class, and in the case of the smaller sets, agronomic yield. This feedback is part of a mechanism for ensuring that internationally coordinated breeding remains relevant to local requirements in terms of influencing the nature and composition of successive international nurseries (Fox 1996; Trethowan et al. 2001 Trethowan et al. , 2002 Trethowan et al. , 2003 Lillemo et al. 2005) . This last statement highlights one of the perennial criticisms of the international breeding model, i.e. that it may be too generic, relying on feedback from nursery data collected in the experiment stations of national programmes and not reflecting the conditions and needs of farmers in the region (Witcombe 1999) . The benefits of greater participation in this process are discussed in Reynolds & Borlaug (2006) .
EXAMPLES OF SUCCESSFUL BREEDING INITIATIVES
The international collaborative breeding effort focused initially on irrigated temperate environments, where the introduction of Rht-B1 and Rht-D1 dwarfing genes in conjunction with disease-resistance genes resulted in large gains in productivity (Byerlee & Moya 1993) . The primary effect of the Rht genes is to inhibit gibberellin sensitivity such that internodes extend less during jointing while pleiotropic effects included an increased harvest index and therefore yield (Gale & Youssefian 1985) and the genes have been cloned (Peng et al. 1999) . Even in the post-Green Revolution period, genetic yield potential of semidwarf cultivars has continued to increase at about 1 % per year ) for a number of documented reasons (Fischer et al. 1998; Reynolds et al. 1999) . However, after this initial success in high production zones, the breeding effort started to encompass some of the more challenging marginal environments, where factors such as acid soils and drought stress restricted the adoption of MVs. Examples of approaches used to achieve genetic gains in these respective environments will be discussed in the next two sections. The third section, however, will address breeding for wheat diseases. This critical effort, sometimes referred to as maintenance breeding, unfortunately tends to attract less attention from policy makers and the media than themes such as drought tolerance. Perhaps this reflects topicality; recent generations have not died as a consequence of crop disease epidemics, such as occurred for example in Ireland in the 19th century due to potato blight. Nonetheless, it is precisely this crucial area of research that protects genetic gains in yield and adaptation to stress (Evans 2005) , by continually updating the genes for disease resistance, often in the face of rapidly evolving pathogens.
Breeding for acid soils
It is estimated that 0 . 3-0 . 4 of the world's arable land has acid topsoil (pH<5 . 5) causing toxicity of elements like Al and Mn as well as immobilization of micronutrients such as P, Ca and Mg (Foy et al. 1978) . While adding heavy doses of lime, when available, to the soil can ameliorate the problem, breeding for genetic resistance may be a more practical and costeffective solution in other situations. Al toxicity is the major yield restraint in acid soils, for which physiological mechanisms associated with both Al exclusion and internal tolerance to Al have been established (Kochian et al. 2004) , and dominant major genes have been identified for the trait (see review by Hede et al. 2001) , making breeding relatively straightforward compared with more genetically complex traits such as drought. During the 1970s it became apparent that the semidwarf wheat cultivars of the Green Revolution were not having an impact in several important wheat growing areas such as Brazil and regions in Asia and Africa where acid soils were prevalent (Kohli & Rajaram 1988 ). Brazilian agricultural institutions had identified problems associated with acid soils in the 1940s and soon established that Al tolerance was a highly heritable trait, which they could select for in crosses with tolerant lines . However, since their material was low yielding and susceptible to many diseases, Brazilian scientists initiated an exchange of germplasm with CIMMYT. By the late 1970s a sophisticated shuttle breeding programme was in progress, involving several institutes in Brazil including the Brazilian Institute of Agricultural Research (EMPRAPA), as well as CIMMYT. High-yielding semi-dwarf lines were crossed with Al tolerant lines from Brazil and segregating generations were grown in distinct locations in alternate generations to select either for disease resistance, yield potential, or tolerance to acid soil environments (Fig. 2) . To speed up genetic progress, a laboratory was set up in Mexico to screen individual plants in vitro for growth in low pH-high Al solutions (Lopez-Cesati et al. 1988 ). In addition, in-season information based on early growth in acid soils in Brazil was transmitted to Mexico by telex so that promising families could be prioritized for individual plant selection in Toluca, Mexico, where disease pressure was high . As a result of this international shuttle breeding programme, Alondra was released in the Brazilian state of Parana in 1980, and within the next 5 years several more cultivars that showed at least 25 % higher yields than commercial ones were released in different regions of Brazil . Since that time, yields achieved by farmers increased by up to 50 %, depending on the region (Kohli et al. 1994) . As a result of Brazil's willingness to share its genetic resources with CIMMYT, new acid soil tolerant germplasm was made available to other countries facing similar problems. The Acid Soils Wheat Screening Nursery (ASWSN) was initiated in 1982 and continues to provide useful genetic stocks to countries in Africa, Latin America and Asia.
Progress in drought-prone areas
Although soil-water deficits are a chronic limitation to wheat productivity in many developed countries, the problem of drought is more serious in terms of human welfare in the developing world, where approximately 30 million ha of wheat is cultivated under moisture stress (Morris et al. 1991) . Achieving genetic progress under drought is one of the greatest challenges facing agricultural scientists, due to the large number of drought-adaptive responses expressed in crop species and their complex interaction with a highly variable environment . For example, factors such as microelement deficiency and prevalence of biotic stresses, including nematodes and root diseases, have been shown to explain a lot of the variation in wheat yield, confounding plant response to available moisture (K. Matthews, personal communication). As a result, accumulation of genes conferring superior access to water or water-use efficiency (WUE) does not guarantee better performance as long as resistance to these confounding factors is not incorporated into varieties. This highlights the practical difficulty of breeding for drought-prone regions.
In light of this, wheat breeding for dry environments has been approached differently by the two centres responsible : CIMMYT and ICARDA. In the 1970s and early 1980s, CIMMYT focused on distributing semi-dwarf material with disease resistance that would perform well in relatively wet years while not collapsing under dry conditions (developed using yield trials with approximately 150 mm of water available from a single irrigation). In addition to the fact that CIMMYT's resources were already heavily invested (in breeding for yield, end-use quality, resistance to disease, acid soils, etc.), it was reasoned that yield potential and disease resistance may confer at least as great a benefit to a farmer in a relatively wet year than marginal yield increases in several dry years combined. Nonetheless, international nurseries were targeted at distinct mega-environments including semi-arid, high temperature, high-rainfall, and acid soil environments (Braun et al. 1992 ). Thus, material from different nurseries could potentially provide useful genetic stocks in a single locality, depending on crop management factors such as use of irrigation and date of sowing determining moisture status and temperature regime, respectively.
ICARDA was established to research dryland agriculture in the highly diverse and variable environments of West Asia and North Africa. Scientists investigated the complex interaction of droughtadaptive plant mechanisms with the marginal environments of resource-poor farmers (Ceccarelli & Mekni 1985; Ceccarelli 1994 ). This required highly targeted strategies in terms of selection of parents and performance evaluation (Ceccarelli 1987; Ceccarelli et al. 1998; Shakhatreh et al. 2001) . Landraces commonly grown in target regions were used in crosses to increase genetic diversity (Ceccarelli 1984; Grando et al. 1985; Ceccarelli et al. 1987) . Wild progenitors of wheat such as Triticum and Aegilops species were used in wide crossing for valuable traits (Damania 1990; Jauhar 1993; Valkoun 2001) . Importantly, candidate genotypes were yield tested in farmers' fields where they would be subjected to realistic soil and crop management environments .
Insufficient information exists to make a rigorous comparison of the impact of these different strategies. This is partly because of the difficulty of assessing both immediate benefits (dietary and economic) and longer-term benefits deriving from scientific and human capital (J. J. Hellin, personal communication). It is important to exploit this legacy of contrasting research approaches, and to some extent this has already happened . During the 1980s, CIMMYT started to invest more heavily in marginal environments (Rajaram et al. 1996) . The idea of using broader genetic bases was embraced by including not only landraces in breeding (see Fig. 2 in Rejesus et al. 1996) but also wild wheat ancestors through wide crossing techniques, generating what are known as synthetic hexaploid wheats (MujeebKazi et al. 1998; Mujeeb-Kazi & Rajaram 2002; Mujeeb-Kazi 2003) . Wheat germplasm derived from crosses with synthetic hexaploids show improved performance under drought , and field studies have shown that synthetic derived wheat lines have improved ability to extract water at intermediate (30-90 cm) rooting depths (Reynolds et al. 2005 b) . Another example is the introgression of long coleoptiles into bread wheat . This results in improved stand establishment and yield in drought environments where seed must be sown deep (o10 cm) to access a receding soil moisture profile, such as in South Asia after the monsoons (see Fig. 11 in Reynolds et al., in press ). Such innovations have yet to be fully evaluated for impacts in farmers' fields in the developing world. Nonetheless, analysis of CIMMYT international nursery data for germplasm distributed between 1979 and 1998 show significant yield improvement in both dry and well-watered regions. The study of Trethowan et al. (2002) compared the gains of two nurseries : the Elite Spring Wheat Yield Trial (ESWYT) targeted for irrigated regions and the Semiarid Wheat Yield Trial (SAWYT) targeted for semi-arid regions. Respective genetic gains were higher in the drier regions for genotypes of the SAWYT and vice versa, clearly indicating that internationally coordinated breeding targeted at complex dry regions has also been effective in realizing genetic gains.
Additional evidence for the value of improved germplasm in marginal drought-prone environments has come from adoption studies. Between 1967 and 1989, most of the increase in wheat area in the developing world (16 million ha) occurred initially in irrigated environments and moved much more slowly to rainfed areas (Byerlee 1994) . However, adoption of modern varieties has increased substantially in drier areas between 1990 and 1997, and the rates of genetic gains are very favourable compared with irrigated environments . Part of the explanation for this and the increase in yield described previously is believed to be a result of improved root health since, under drought, roots become more susceptible to a variety of diseases, further exacerbating their already restricted access to water .
Disease resistance
One of the greatest threats to productivity for the resource-poor farmer is disease. The many diseases that affect wheat can reduce grain yields substantially or even totally (Dubin & Torres 1981; McIntosh 1998) . For this reason, farmers in northern Europe control diseases with routine applications of fungicide (Russell 2005) , but profit margins for farmers in the developing world frequently preclude routine use of such inputs. For this reason, international wheat breeding has placed great emphasis on breeding for genetic control of disease with two important spinoffs : the farmer is protected from uncertainty and the environment sustains a lower agrochemical burden.
Since CIMMYT breeds genetic stocks for global distribution, it is practical to divide wheat-growing areas in the developing world into a number of broad mega-environments (MEs) based on their agroecology (Braun et al. 1992; Rajaram et al. 1994) . It is clear that the ecology of wheat diseases is a major factor in determining how target-breeding environments are defined. The largest of these, ME1, the temperate, irrigated environment representing 40 million ha, is predominantly affected by rust diseases, while ME2, which is characterized by high rainfall (8 million ha), is affected by a broad spectrum of disease including rusts, septorias, fusariums, root rots, barley yellow dwarf virus (BYDV) and some bacterial diseases. Diseases most prevalent in other spring wheat MEs (ME3, acid soils ; ME4, drought ; ME5, heat ; ME6, high altitude) are described by Singh & Rajaram (2002) and for facultative and winter wheat environments by Braun & Saulescu (2002) .
Breeding for disease resistance of wheat was reviewed recently by Singh & Rajaram (2002) . Most resources are put into breeding for leaf, stem, and stripe rust, because the pathogens causing these diseases tend to evolve virulence more frequently than other obligate parasites like the bunts and smuts, which can be controlled quite easily with chemical seed treatment. Single gene, race-specific resistance to fast-evolving pathogens causing diseases such as leaf rust lasts for, on average, 3-5 years (Singh & Dubin 1997) . CIMMYT has achieved significant progress in incorporating relatively durable resistance to all three rusts as well as into spring wheat germplasm (Byerlee & Moya 1993) . Since the mid-1980s, progress has also been made in breeding for resistance to Karnal bunt, scab, spot blotch, Septoria tritici blotch and BYDV (Singh & Rajaram 2002) . However, the biggest continuing challenge is to breed for durable resistance of rapidly evolving pathogens by incorporating multiple genes.
Slow rusting or partial resistance to leaf rust associated with multiple genes has been known for some time (Dyck et al. 1966 ; Caldwell et al. 1970) and has been shown to be relatively durable. Nonetheless, the challenges of achieving durable disease resistance in farmers' fields are multiple, including : (i) identifying different genetic sources that will contribute to durable resistance ; (ii) combining the genes into a diverse array of genetic backgrounds to provide stocks for appropriate mega-environments ; and (iii) global diseases monitoring to provide an early warning system in case resistance starts to break down. Durable resistance has been achieved for leaf rust in spring wheat using the gene complex Lr34 in combination with two or three additional partial resistance genes (Singh & Rajaram 1992) . More recently, quantitative genetic studies (Das et al. 2004 ) and molecular marker studies (William et al. 1997) have confirmed these figures, while quantitative trait locus (QTL) analysis in Swiss winter wheat estimated eight genes to be involved (Schnurbusch et al. 2004) . Transferring eight genes simultaneously into a desired genotype is almost impossible with current technology. The genetics of leaf rust resistance is complex : details about Lr34 and its interactions with other diseases can be found in, e.g. Rubiales & Niks (1995) , Faris et al. (1999) , , Suenaga et al. (2003) , William et al. (2003) and Spielmeyer et al. (2005) .
Resistance to stem rust was achieved in the 1950s using the gene Sr2 in combination with unknown minor genes and has proven to be durable (a recent breakdown of resistance in Africa is discussed in Reynolds & Borlaug 2006) . The cultivar Sonalika, released in 1960, still shows resistance in South Asia where it was widely grown for many years (Singh & Rajaram 2002) . Reduced susceptibility has also been shown for yellow or stripe rust conferred by Yr18 plus 2-4 slow rusting genes ; interestingly this gene is linked with Lr34 (Singh & Rajaram 1994) . However, the difficult nature of keeping ahead of fast-evolving diseases cannot be underestimated. In a study of UK wheats, up to 21 partial rust resistance genes were estimated in a single background (Gavinlertvatana & Wilcoxson 1978) while 50 genes for leaf rust resistance have been catalogued , indicating the intensity of natural selection pressure.
The impact of genetic resistance on some diseases has been quantified. Using isolines for Yr18 it was shown that yield loss ranged from 30-50 % with Yr18 and 75-95 % without the gene under severe yellow rust infection (Ma & Singh 1996) . A similar study with Lr34 isolines showed yield losses of approximately 15 % associated with leaf rust infection in the presence of the genes, while when Lr34 was absent losses were between 40-85 %, depending on planting date (Singh & Huerta-Espino 1997) . Work by Sayre et al. (1998) demonstrated the impact of breeding for leaf rust resistance over time using a set of Mexican wheat cultivars released between 1966 and 1988. Data showed that while yield potential (yield with fungicide applied) had increased significantly (0 . 52 % pa), progress protecting the yield potential due to incorporation of leaf rust resistance genes (yield without fungicide) was more dramatic (2 . 1 % pa).
The success of breeding for disease resistance (Byerlee & Moya 1993; Sayre et al. 1998; Marasas et al. 2004) demonstrates the synergy of the international breeding model in a number of ways. Firstly, the international nursery system is a rapid and efficient means of validating germplasm resistance containing new gene combinations. Secondly, because nurseries contain germplasm with established resistance mechanisms, the locations where disease resistance may be breaking down can be identified immediately. A good example of this is the breakdown of yellow rust resistance that has been tracked through North Africa and up into the Middle East over the last 15 years . This serves as an early warning device to initiate a global germplasm search for potential resistance genes. The sources are used to introgress genes into modern backgrounds and their effect in conferring resistance is tested at so-called ' disease hot-spots ' or locations whose ecology favours extreme disease development and, in the case of rust, the occurrence of new virulences, thus making them excellent screening sites for resistance (Rajaram et al. 1988 b) . Resistant materials are then inter-crossed to accumulate genes for rust resistance.
The biggest difference between breeding for disease resistance and adaptation to abiotic stresses like drought or acid soils is that in the latter case genetic progress is permanent, assuming environments do not deteriorate. However, in the former, resistance may break down quite suddenly due to the biological interaction between pathogen and host, as occurred recently with durum wheat in NW Mexico (Singh et al. 2004 b) . The most effective strategy to minimize risk for resource-poor farmers is to make available genetically diverse sets of cultivars containing durable disease resistance based on multiple genes in different combinations. International publicly funded wheat breeding programmes are able to do this and the Global Rust Initiative will be discussed subsequently.
Progress in breeding for other diseases is reviewed by Singh & Rajaram (2002) , and by others in the FAO's Bread Wheat Improvement and Production (Curtis et al. 2002) . Additional diseases are only mentioned here, in the context of their sources of genetic resistance (Table 1 a) , in order to illustrate the value of an international genetic resources platform as an efficient means of accessing resistance genes.
GENETIC DIVERSITY OF WHEAT CULTIVARS
Despite productivity gains, early critics of the Green Revolution stated that the new semi-dwarf varieties encompassed very little genetic diversity and were responsible for large-scale destruction of genetic resources (Frankel 1970) . This message probably encouraged greater efforts to collect the landraces that were being displaced. In fact, the Green Revolution centres like CIMMYT and IRRI became some of the largest repositories of landraces and other genetic resources. Displacement of landraces in favour of higher yielding and disease-resistant semi-dwarf lines was inevitable in regions where farmers stood to benefit, but the issue of genetic vulnerability was a serious threat to the newfound gains in productivity. Nonetheless, the exchange of genetic resources with national programme partners increased, thus widening the genetic base of materials that were distributed. A recent study examined the change in diversity of CIMMYT-derived materials between the early days of the Green Revolution (1965) to the late 1990s. Diversity was measured in different ways -in time and in space as well as in terms of genealogical diversity using coefficients of parentage and molecular markers. The results for all of the measures of diversity show significant increases over this period (Smale et al. 2002) . For example, when comparing the number of named spring wheat cultivars grown in the developing world in 1990 and 1997 the number increased by over 25 % in just 7 years despite the fact that CIMMYT-derived lines occupied over 0 . 8 of the total area (excluding China) during that period. Another indicator was the presence of landraces in the pedigrees of modern spring wheat cultivars released by developing countries between 1965 and 1997. In that period, the average number of landraces in the pedigree of a cultivar increased from 25 to over 60 ; approximately one new landrace was added to the pedigree per year. Furthermore, releases with CIMMYT ancestry had, on average, 45 landraces in their pedigree compared with just 19 for releases with no CIMMYT ancestry (Smale et al. 2002) , indicating that breeding within the international network has promoted the release of cultivars with a broader genetic base compared to cultivars released unilaterally. A very recent study used molecular markers to examine changes in genetic diversity over 50 years of international breeding, looking at over 250 CIMMYT or CIMMYT-related modern wheat cultivars using 90 simple sequence repeats (SSRs) dispersed across the wheat genome (Reif et al. 2005) . Results showed that while genetic diversity associated with molecular markers appeared to narrow between 1950 and the late 1980s, diversity has been increasing since then.
Thus, although the adoption of modern agricultural technologies may have reduced phenotypic diversity in farmers' fields (by displacement of traditional cultivars and landraces), international wheat breeding has succeeded in reintroducing some of the most useful elements of the genetic diversity into MVs, thereby increasing genetic potential and yield stability. Some of the more innovative strategies used to increase genetic diversity, such as wide crossing with wild relatives and introgression of alien chromatin from more distant or unrelated species, are summarized in Valkoun (2001) , Skovmand et al. (2001) and Trethowan et al. (in press) .
Despite this, more extreme critics of the Green Revolution have even asserted that the genetic uniformity of modern cultivars has resulted in crop failures (Cooper et al. 1992) . Nevertheless, scientific studies indicate that genetic progress resulting from international wheat breeding has not only increased yield potential under optimal irrigated conditions (Waddington et al. 1986 (Waddington et al. , 1987 Sayre et al. 1997) but also under conditions of drought , low nitrogen (Ortiz-Monasterio et al. 1997), high temperature stress (Reynolds et al. 1994) , and disease . In addition to evidence for both increased genetic diversity and genetic performance of MVs, economic analysis indicates that yield stability across environments, an important element of food security in developing countries, has increased significantly since the Green Revolution (Byerlee & Moya 1993 ).
CONCLUSIONS
The impacts described have improved food security for millions of resource-poor farmers in the developing world. While these examples have focused mainly on spring bread wheat, international collaboration has achieved similar impacts with durum and barley, winter wheat, and less widely grown temperate cereals such as triticale. A major benefit of international institutes has been and will continue to be the ready availability of genetic resources, from in-house collections and partnerships, and the ability to rapidly deploy useful new germplasm via collaborative networks through well-focused breeding work. Future challenges for international collaborative research are discussed in Reynolds & Borlaug (2006) , along with new innovations and technologies that hold promise for contributing to continued impacts.
